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We investigated the effects of B/Ge codoping on the minority carrier lifetime in gallium Ga-doped
Czochralski-silicon CZ-Si crystals. Minority carrier lifetime decreased from 28 to 0.1 s when
the B concentration was increased from 11015 to 11017 cm−3 in Ga/B codoped CZ-Si crystals.
The minority carrier lifetime increased from 30 to 76 s with increasing Ge concentration from
11017 to 21020 cm−3 in Ga/Ge codoped CZ-Si crystals. Light-induced degradation experiments
showed that Ga/B codoped CZ-Si degraded rapidly, while Ga/Ge codoped CZ-Si showed no
degradation. Moreover, the flow pattern defect density related to grown-in microdefects in as-grown
Ga/Ge codoped CZ-Si decreased with increasing Ge concentration. The experimental results are
explained using a defect reaction model based on the formation of Ge-vacancy-oxygen dimer
complexes in the CZ-Si crystal during postgrowth cooling. © 2009 American Institute of Physics.
DOI: 10.1063/1.3159038
I. INTRODUCTION
Solar cells are the best alternative source of electricity,
since the demand for electrical energy is growing rapidly
with increasing world population. Currently, industrial pro-
duction of solar cells is mainly based on boron B doped
crystalline silicon c-Si. c-Si includes single-crystal and
multicrystalline Si, but generally solar cell elements using a
single-crystal Si substrate have higher conversion efficien-
cies. Unfortunately, B-doped Czochralski-silicon CZ-Si de-
grades under illumination, which results in a low minority
carrier lifetime. Although light-induced degradation LID
was first observed by Crabb1 in 1972, the exact mechanism is
still not completely understood. Nevertheless, a great deal of
attention has been directed to suppression or avoidance of
LID by identifying the defect structure responsible. Oxygen
O is an unavoidable impurity in CZ-Si due to partial dis-
solution of the silica crucible during the growth process. In-
terestingly, it was found that gallium Ga-doped and phos-
phorus P-doped CZ-Si as well as float-zone Si do not
exhibit any lifetime degradation effect. Thus, the simulta-
neous presence of B and O in the Si is thought to cause the
LID effect.2
Schmidt et al.3 proposed a defect model for a recombi-
nation center made up of one interstitial B Bi and one in-
terstitial O Oi, created under illumination, to explain the
fundamental degradation effect as well as the characteristic
recovery behavior during low-temperature annealing. Glunz
et al.4 experimentally found an approximately linear increase
in LID with B doping concentration and a stronger superlin-
ear increase with O concentration, which supports the model
proposed by Schmidt et al.3 Furthermore, Schmidt and
Bothe5 reported their experimental results on the Bs the sub-
script s denotes “substitutional” and Oi dependence of the
metastable defect concentration to support the defect reaction
model.3 Bourgoin et al.6 reported a possible atomic configu-
ration of the B–O complex in which the Bs atom is sur-
rounded by three Oi atoms. They also suggested a new deg-
radation mechanism in which electron trapping induces a
Jahn–Teller distortion, shifting one of the energy levels of
the defect to midgap. However, the proposed mechanism
could not be experimentally verified up to now. Recently,
Herguth et al.7 proposed a three-state reaction scheme of
degradation and regeneration to suppress LID. They intro-
duced a new state of defect complex called regeneration
state, which has negligible recombination activity to elimi-
nate losses in the bulk lifetime due to B–O related
degradation.6 Subsequently proposed models of metastable
defects require further experimental support, and it is essen-
tial to find a practical means of defect suppression to avoid
the LID effect.
Using Ga as a p-type dopant is one promising method to
avoid the LID effect, since Ga-doped CZ-Si has a high mi-
nority carrier lifetime and exhibits no LID effect.4 However,
the resistivity of a Ga-doped CZ-Si crystal decreases rapidly
over the length of the crystal due to the very small equilib-
rium segregation coefficient of Gak0=0.008.8 Thus, the mi-
nority carrier lifetime decreases with decreasing resistivity
along the length of a Si crystal.9 Recently, this resistivity
variation has been improved by enhancing Ga segregation
during Ga/B codoped CZ-Si crystal growth.10 Despite the
enhanced Ga doping in Ga/B codoped Si, since both are
acceptors, the total carrier concentration increases, thus sup-
pressing the minority carrier lifetime due to band-to-band
Auger recombination. Moreover, the presence of B causes an
LID effect, resulting in a low minority carrier lifetime.
In recent literature, it was reported that germanium Ge
doping improved the mechanical strength of Si crystal,11 and
dislocation generation was strongly suppressed in Ge-doped
Si crystal.12 Furthermore, Ge is completely miscible and
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electrically inactive in Si. Hence, we recently proposed
Ga/Ge codoped CZ-Si crystal as a promising candidate solar
cell substrate with a high minority carrier lifetime.13 In our
previous report, we found that Ge acted as a vacancy-
trapping center in Ga/Ge codoped CZ-Si, resulting in a low
defect density and high minority carrier lifetime. However,
the void formation mechanism was discussed based on the
etch-pits of Secco-etched surfaces of the wafers, which are
believed to be the origin of void defects.13 Further investiga-
tion is required to clarify the effects of Ge codoping on void
suppression in Ga/Ge codoped CZ-Si. In this report, we mea-
sured the minority carrier lifetime before and after LID in
Ga/B codoped CZ-Si and Ga/Ge codoped CZ-Si crystals.
The void suppression mechanism in Ga/Ge codoped CZ-Si is
discussed based on the flow pattern defect FPD density and
the experimental results were explained using a defect reac-
tion model based on Ge-vacancy-oxygen dimer complexes.
II. EXPERIMENTAL DETAILS
Ga/B codoped and Ga/Ge codoped 100 Si single crys-
tals with various B and Ge concentrations in the respective
crystals were grown by the CZ method using 11 N purity Si
source material in a high-purity argon atmosphere at a pres-
sure of 20 Torr. Since the growth parameters, such as the
V /G ratio ratio between growth rate V and temperature
gradient G near the interface 0.23 mm2 / °C min and
crucible rotation rate 10 rpm were controlled for all ex-
periments, the O concentration was likely the same for all
grown crystals. The minority carrier lifetime was measured
before and after LID, using a surface photovoltage CMS
4000, Semiconductor Diagnostics, Inc. method without pas-
sivation. Since the wafers were not passivated, the lifetimes
reported here should be considered as effective lifetimes,
which include both surface and bulk recombination. In the
LID experiments, the wafers were illuminated by a halogen
lamp with an intensity of 100 mW /cm2. Since the lifetime
varied with the resistivity of the wafers, Ga/B codoped and
Ga/Ge codoped Si wafers with the same resistivity
0.85  cm were selected for minority carrier lifetime mea-
surements before and after LID. In order to study the effect
of Ge codoping on void defects, the Ga/Ge codoped CZ-Si
wafers were etched using non-agitated Secco etchant for 30
min, and then examined with an optical microscope.
III. RESULTS AND DISCUSSION
A. Minority carrier lifetime in codoped Si crystals
Figure 1a shows the minority carrier lifetimes observed
before LID for Ga/B codoped CZ-Si crystal as a function of
B concentration at fixed Ga concentration 1.5
1016 cm−3. The lifetime was stable at 28 s up to a B
concentration of 11015 cm−3 but decreased to 0.1 s at
high B concentration 11017 cm−3 which is due to band-
to-band Auger recombination at increased total carrier con-
centration. Moreover, the radiative recombination and sur-
face recombination processes are also responsible for the low
minority carrier lifetime14 and the effect of later is more
severe for unpassivated wafers due to high surface recombi-
nation rate. On the other hand, the minority carrier lifetime
of Ga/Ge codoped CZ-Si crystals increased from 28 to
76 s with increasing Ge concentration from 0 to 2
1020 cm−3, as shown in Fig. 1b. The relatively low mi-
nority carrier lifetime of all wafers was most likely due to the
lack of wafer passivation, which resulted in a high surface
recombination.
Figure 2 shows the measured lifetime changes for Ga/B
and Ga/Ge codoped Si wafers with the same resistivity
0.85  cm in comparison with a Ga-doped Si wafer
(a)
(b)
FIG. 1. a Lifetime variation in Ga/B codoped CZ-Si crystal as a function
of B concentration at fixed Ga1.51016 cm−3 concentration and g 25%.
b Lifetime variation in Ga/Ge codoped CZ-Si crystal as a function of Ge
concentration at fixed Ga1.51016 cm−3 concentration and g 25%.
FIG. 2. Lifetime variation after light induced degradation in Ga/B codoped
and Ga/Ge codoped CZ-Si wafers.
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0.85  cm after illumination by a halogen lamp intensity:
100 mW /cm2. The Ga/B codoped CZ-Si wafers showed a
rapid initial degradation of effective lifetime under illumina-
tion and saturated after prolonged illumination. The lifetime
degradation was stronger at higher B concentrations in Ga/B
codoped CZ-Si crystals, as shown in Fig. 2. The effective
lifetime of Ga/Ge codoped CZ-Si and Ga-doped CZ-Si wa-
fers showed a slight increase after illumination. A similar
behavior was observed by Schmidt et al.3 for a perfectly
passivated Ga-doped CZ-Si wafer. Moreover, the boron con-
centration played a vital role in the degradation mechanism,
as indicated by the opposite behavior of Ga-doped CZ-Si
under illumination Fig. 2. The LID experimental results
strongly support the hypothesis that B is a component of a
defect associated with the formation of the recombination
center responsible for the LID effect in Ga/B codoped CZ-Si.
In contrast, the Ga/Ge codoped CZ-Si wafer showed a higher
minority carrier lifetime than Ga-doped CZ-Si with no LID
effect.
B. Flow pattern defects and O precipitates in Ga/Ge
codoped CZ-Si
Figure 3 shows the microstructure of FPDs observed by
optical micrograph on the Secco-etched surfaces of Ga1.5
1016 cm−3 doped and Ga1.51016 cm−3 /Ge1
1020 cm−3 codoped CZ-Si wafers. In Fig. 3, it is clear that
the FPD density in Ga/Ge codoped CZ-Si wafers was much
less than in the Ga-doped CZ-Si wafer. The variation of FPD
density as a function of Ge concentration in as-grown Ga/Ge
codoped Si wafers is plotted in Fig. 4. As can be seen in Fig.
4, the FPD density decreased drastically with increasing Ge
concentration. The radial distribution of FPD density is
shown in Fig. 5 for different Ga/Ge codoped CZ-Si wafers
with varying Ge concentrations from 0 to 11020 cm−3.
The density of FPDs in the center of the wafer was higher
that at the periphery of the wafers.
The void structure at the tip of the each FPD was ob-
served by atomic force microscope,15 proving that FPDs
were one type of void: type GMD in CZ-Si crystals. The
FPDs confirmed the presence of void defects in Si, and the
void defects were effectively suppressed by Ge codoping,
which caused a higher minority carrier lifetime in Ga/Ge
codoped CZ-Si crystals. The white precipitates observed on
the Secco-etched surfaces of the wafers increased with in-
creasing Ge concentration in Ga/Ge codoped CZ-Si wafers,
as shown in Fig. 6. The chemical composition of the white
precipitates was analyzed using energy dispersive x-ray
spectroscopy, and O was a major component.13
In dislocation-free Si crystals, different types of
grown-in microdefects GMD, such as A, B, D, and I de-
FIG. 4. FPD density variation with Ge concentration in Ga/Ge codoped
CZ-Si crystals.
FIG. 5. Radial distribution of FPD density in Ga/Ge codoped CZ-Si wafers
g=25%
FIG. 3. Optical micrograph of the Secco-etched surfaces of a Ga1.5
1016 cm−3 doped and b Ga1.51016 cm−3 /Ge11020 cm−3
codoped CZ-Si wafers g=25%.
FIG. 6. O precipitate variation as a function of Ge concentration in Ga/Ge
codoped CZ-Si wafers g=25%.
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fects can occur during postgrowth cooling,16 and be respon-
sible for limiting the minority carrier lifetime by acting as
recombination centers. In general, GMD formation in
dislocation-free crystals depends on the V /G ratio at the
growth interface. When the V /G ratio was below the critical
value 0.12–0.2 mm2 / °C min Ref. 17 A and B defects
generally called swirl defects because of their patterns in the
cross section of a crystal were formed by agglomeration of
intrinsic point defects. D defects, called vacancy agglomera-
tion, were present when the V /G ratio was higher than the
critical value. These defects are responsible for limiting mi-
nority carrier lifetime when no A or B swirl defects are
present in high-purity Si crystals. I defects are thought to be
microprecipitates of trace O in CZ-Si crystal.16 As I defects
are even smaller than D defects, it is expected that they only
become significant lifetime limiters when most other defects
are completely eliminated. In the present work, although the
V /G ratio was above the critical value, since G varied along
the radial direction of the crystal the V /G ratio decreased
from the center to the periphery. As a result, a mix of GMD
types was possible in the peripheral region, while D and I
defects occurred in the central region of the crystal.17,18
Hence, the FPD D-defect densities were higher in the cen-
ter of the wafers than that in the periphery, as shown in Fig.
5.
C. Mechanism of D defect suppression in Ga/Ge
codoped CZ-Si
In general, during postgrowth cooling of CZ-Si, the su-
persaturation of free vacancies increases, which provides the
driving force for void formation. As a consequence, nucle-
ation initiates at free vacancies near the void nucleation tem-
perature Tn normally 1100 °C.17 It has been reported that
the incorporation of intrinsic point defects into a growing
crystal is affected by the presence of impurities that can react
with vacancies and self-interstitials.19 In Ga/Ge codoped CZ-
Si, Ga acts as an acceptor, inducing a shift in the equilibrium
concentration of vacancies and self-interstitials by a Ga-
induced change in Fermi level.19 However, the relative shift
in the equilibrium concentration of point defects due to Ga
doping is small19 at light doping concentrations 1.5
1016 cm−3, and the effect is almost the same for all crys-
tals at a fixed Ga concentration.
Figure 7 shows a schematic diagram of the proposed
model, which provides a consistent explanation of the
D-defect suppression and O precipitate enhancement in
Ga/Ge codoped CZ-Si. As a neutral impurity, the substitu-
tionally incorporated Ge atoms produce compressive strain
in the Si lattice because the covalent tetrahedral radius of Ge
1.22 Å is larger than that of Si 1.17 Å. Hence, prior to
void nucleation TTn, Ge reacts with free vacancies,
which have large diffusion coefficients at high temperature,
to release the strain by forming strain-relaxed Ge-vacancy20
complexes. On subsequent cooling TTn, the small O ag-
glomerates, in particular the O dimer O2i, which are made up
of two Oi, can be extremely fast diffusers in Si.21 The Ge-
vacancy complexes act as heterogeneous nuclei for O pre-
cipitation I defects, and can grow by the addition of fast-
diffusing O2i dimers. As a consequence, the number of free
vacancies available for void formation is strongly reduced.
Similar impurity-vacancy complexes, which affect various
properties of Si, were reported for nitrogen-doped Si.22
Therefore, when Ge concentration was increased, the forma-
tion of D defects was suppressed and I defects were rela-
tively enhanced in as-grown Ga/Ge codoped CZ-Si crystal.
This can explain the FPD densities decrease and the
white microprecipitates increased with increasing Ge con-
centration, as shown in Figs. 3 and 6. Thus, the minority
carrier lifetime increased with increasing Ge concentration in
Ga/Ge codoped CZ-Si crystal. However, the I defects had a
lesser ability to limit carrier lifetime in the presence of D
defects.20 As a future task, the minority carrier lifetime will
be measured after surface passivation of the wafers and the
outcome of the results will be published elsewhere in near
future.
IV. CONCLUSION
Minority carrier lifetime was measured in Ga/B codoped
and Ga/Ge codoped CZ-Si crystals. A high minority carrier
lifetime was observed in Ga/Ge codoped CZ-Si wafers com-
pared to Ga-doped and Ga/B codoped CZ-Si. Under illumi-
nation, Ga/B codoped CZ-Si wafers degraded strongly
whereas Ga/Ge codoped crystals showed a stable lifetime,
similar to Ga-doped Si with no LID. Ge codoping in the
Ga–doped CZ-Si crystal effectively suppressed D defects,
resulting in lower FPD densities and a high minority carrier
lifetime. Meanwhile, I defects increased as the Ge concen-
tration increased in Ga/Ge codoped CZ-Si crystal, however,
these defects had a lesser limiting influence on carrier life-
time. These results demonstrate that Ga/Ge codoped CZ-Si is
a promising candidate to replace conventional B-doped
CZ-Si since it can achieve a higher carrier lifetime and long-
term energy conversion stability.
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